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Cost/Effectiveness Analysis of Obtaining Operational Estimates of Reference 
Evapotranspiration, Peninsular Florida, USA 
Michael G. Kittridge 
ABSTRACT 
 
The objective of this study is to conduct a cost/effectiveness analysis of the 
computation of reference evapotranspiration (ETo) in the peninsular of Florida.  A 
meteorological station on the Fort Meade Mine in Polk County, Florida was used to 
provide data for the calculation of ETo.  Five ETo equations were tested to determine the 
accuracy and cost/effectiveness to the fully measured ASCE Penman-Monteith (Full 
ASCE-PM) equation on daily, monthly, and annually time steps.  The ETo equations 
ranged in amounts of parameters from the Full ASCE-PM to the Hargreaves.  The energy 
terms accounted for approximately 90% of the total ETo flux.  Solar radiation alone also 
accounted for approximately 90% of the total ETo flux.  The highest cost-effectiveness 
ratios were equations that were able to accurately estimate values without relying on 
expensive meteorological equipment and/or omitted terms that had a lesser influence on 
the magnitude of ETo.  The seasonal variability in the climate and consequently the 
emphasis of each meteorological parameter on ETo will create seasonal errors in the 
reduced sets of the ETo equations.  Large seasonal errors were associated with 
temperature based ETo equations, while solar radiation based ETo equations accurately 
 ix 
preserved the seasonal trends.  At least in Florida, solar radiation is the key driving force 
in both the magnitude and the seasonality of ETo.  
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INTRODUCTION 
 
Groundwater extraction exceeds groundwater recharge by ~200 billion cubic 
meters per year in aquifers used for water resources supply throughout the world (Postel, 
1999). As Growth continues, already-stressed water supplies will be increasingly stressed 
to satisfy the continually-growing number of thermoelectric, agricultural, municipal, 
industrial, and environmental water users.  Therefore, water managers are increasingly 
operating at the margins, where small errors in projections can cause proportionally-large 
changes in actual water delivery to these many water users. 
Evapotranspiration (ET) is the primary outflow in terrestrial water budgets.  
Globally, annual ET is ~65% of annual precipitation (Trenberth et al., In Press), while in 
peninsular Florida, annual ET is ~75% of annual precipitation (Bidlake et al., 1996).  
Unfortunately, ET cannot be directly measured and must therefore be indirectly measured 
or computed.  Because ET fluxes are so large, small errors in the indirect measurement or 
computation of ET can result in large differences in projected runoff and groundwater 
recharge.  Therefore, accurate projections necessitate accurate yet cost-effective methods 
to indirectly measure or compute ET. 
Evaporation requires energy to vaporize the water and a mass transfer mechanism 
to transfer the water vapor from the saturated boundary layer to the atmosphere.  Most of 
the energy available to vaporize water comes from sensible heat originating from solar 
radiation (Penman, 1948; Monteith, 1965; Priestly and Taylor, 1972).  The saturated 
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vapor is then transported from the boundary layer to the atmosphere by diffusion down 
vapor pressure gradients and/or by advection from wind. 
 Penman (1948) developed the first equation for computing ET by combining 
energy and mass transfer terms in the first so-called combination equation.  Monteith 
(1965) later modified this equation by replacing empirical coefficients with canopy and 
aerodynamic resistance terms.  However, the Penman-Monteith (PM) equation requires 
physical measurements of the vegetation in the computation of the canopy and 
aerodynamic resistance terms.  Physical measurements of vegetation can be difficult to 
obtain if the site is remote, the vegetation changes seasonally, and/or the vegetation is 
structurally complex. 
This has led to the development of numerous empirically-derived equations that 
compute potential ET (PET) from a variety of land covers using only meteorological 
parameters as variables. PET, though inconsistently defined in the literature, is typically 
defined as the amount of ET from a uniform short crop surface with soil water at field 
capacity (Irmak and Haman 2003). Priestly and Taylor (1972) assumed that the 
computation of ET is more sensitive to the energy terms than to the mass transfer terms 
and therefore developed the Priestly-Taylor equation to compute PET using net radiation, 
soil density heat flux, and a coefficient that varies as a function of humidity.  Other 
researchers have used similar reasoning.  For example, Abtew (1996) developed two 
equations to compute PET from wetlands in South Florida, with the Radiation/Tmax 
equation using solar radiation and maximum temperature, the Simple equation using only 
solar radiation, and Hargreaves (1975) and Hargreaves and Samani (1985) developed the 
Hargreaves equation to compute PET using only minimum and maximum temperature. 
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 As the need for accurate yet inexpensive methods to compute ET equations grew, 
so did the quantity of equations calibrated to provide potential ET from different land 
covers.  This created a lack of comparability between results from the various PET 
equations as many were developed for and perform best for specific land covers in 
specific regions due to the general definition of PET (Winter and Rosenberry 1995).  This 
also created a difficulty in converting PET from one of these different land covers into 
actual ET for a specific land cover of interest.  Consequently, reference ET (ETo) was 
introduced and further developed to serve as a standard ET calculation method 
(Doorenbos and Pruitt, 1977; Allen et al., 1994; Hargreaves, 1994; Allen et al., 2005).  
First defined by the United Nations Food and Agriculture Organization (FAO) in 1977 
(Doorenbos and Pruitt, 1977), updated by the FAO in 1998 (Allen et al. 1998), and 
recently adopted by the American Society of Civil Engineers in 2005 (ASCE; Allen et al., 
2005), ETo has come to be defined as the ET from a “hypothetical grass reference crop 
with an assumed crop height of 0.12 m, a fixed surface resistance of 70 s/m and an albedo 
of 0.23” in which “the reference surface closely resembles an extensive surface of green, 
well-watered grass of uniform height, actively growing and completely shading the 
ground.” 
With functional and structural characteristics fixed to the reference surface, the 
PM equation has been modified to require just energy and mass transfer terms.  The final 
formulation was the FAO-PM equation (Allen et al. 1998).  This has become the standard 
around the world, and it has been shown that FAO-PM ETo is nearly identical to 
lysimeter ETo data in a variety of environments throughout the world (Allen et al., 1994b; 
Allen et al., 1998; Ventura et. al., 1999; Hargreaves and Allen, 2003; Irmak and Haman, 
2003).  The ASCE-PM equation is becoming the equivalent standard in the U.S. (Allen et 
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al., 2005).  Standardization has allowed researchers to focus resources on developing a 
wide variety of crop coefficients to convert ETo to actual ET for a specific land cover of 
interest. 
The Full ASCE-PM equation requires the measurement of energy terms (i.e., net 
radiation, soil heat flux density, and temperature) and mass transfer terms (i.e., wind 
speed and humidity).  However, complete data sets are not always readily available or 
cannot always be afforded.  In these cases, ETo can be estimated by one of two basic 
approaches;  (a) ETo can be computed using the ASCE-PM equation with some computed 
or estimated meteorological parameters (Allen et al., 2005),  (b) ETo can be computed 
using one of the numerous empirically-derived ETo/PET equations that accurately 
reproduce values close to the Full ASCE-PM (Allen et al., 1998).  Though these 
approaches provide cost savings, they may also reduce accuracy. 
The objective of this study is to conduct a cost/effectiveness analysis of the 
computation of ETo.  To do so, we set the Full ASCE-PM as the standard and evaluate 
the cost savings and accuracy of alternative ETo equations to produce a final cost-
effectiveness value for each of the alternative ETo equations on daily, monthly, and 
annually time steps.  Though the Full ASCE-PM equation is the most accurate method, 
we hypothesize that alternative ETo equations can be cost-effective if some of the less-
important energy and mass transfer terms are omitted and/or net radiation is computed 
from less-expensive solar radiation data. 
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SITE DESCRIPTION 
 
Location and Hydrogeological Setting 
 
The study site is located on the Fort Meade Mine in Polk County, Florida (Figure 
1).  The site is a ~20 year-old clay storage area (CSA) created for the storage of clay-rich 
waste products of phosphate mining. The CSA is ~6 m above grade and ~75 hectares in 
size. 
The CSA is nearly level to undulating with a slight topographic gradient from 
north to south.  The CSA deposits are comprised of clay and sand from the Bone Valley 
Member mixed with native groundwater and other processing water (Reigner and 
Winkler, 2001).  The top layer (~0.5 m) is a subangular blocky, clay-rich surface layer 
with abundant desiccation cracks and other macropores associated with bioturbation such 
as burrows and root channels.   
There are several closed-basin depressions that pond water seasonally.  There are 
no surface water inflows, but there are interconnected ditches that discharge through a 
culvert through the east berm and substantial groundwater discharges to the surrounding 
surficial aquifer (Murphy et al., In Review). 
 
 
 
 
 
 
  
Figure 1.  Site location at the Ft. Meade mine clay storage area (CSA) in Polk 
County, FL. 
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Vegetation 
 
The predominant vegetation is the invasive Cogon grass (Imperata cylindrical 
(L.) Raeuschel).  Towards the southern end, and in topographically low areas, the 
predominant vegetation is the Florida willow (Salix floridana Chapm.).  The seasonal 
growth patterns of the Cogan grass ranges from lush in the middle to late summer to 
browning and wilting at the tips during the late winter to middle spring.  The 
meteorological station is surrounded by Cogan grass with an approximate fetch of at least 
60 m in all directions and an average height of about 1 m.  
 
Climate 
 
The climate at the study area is subtropical with warm, relatively dry winters and 
hot, relatively wet summers (Table 1).  Summer rainfall is due to frequent, local 
convective thunderstorms, while winter rainfall is due to infrequent cold fronts 
(Lewelling and Wylie, 1993).  Mean (± standard deviation) annual temperature is 23.2 oC 
(± 0.57 oC) (Southeastern Regional Climate Center data for Bartow, Florida for calendar 
years 1986-2006) (Figure 2a).  Mean (± standard deviation) annual precipitation is 1375 
mm (± 244 mm), with ~58% falling during the four primary wet-season months of June-
September (Southeastern Regional Climate Center data for Bartow, Florida for calendar 
years 1892-2006) (Figure 2a).  Annual temperature and precipitation in 2006 for Bartow 
were 22.0 oC and 952 mm, respectively, while annual temperature and precipitation for 
the study area were 21.8 oC and 883 mm, respectively (Figures 2b-c).  Conditions were 
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slightly dryer than normal during the course of this study (Southeastern Regional Climate 
Center data for Bartow, Florida for water years 2006). 
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Parameter Mean (±Standard Deviation) Daily Value  
Net Radiation (MJ m-2) 10.46 (±3.90) 
Solar Radiation (MJ m-2) 18.10 (±5.65) 
Soil Heat Flux Density (MJ m-2) 0.27 (±1.10) 
Temperature (oC) 21.79 (±4.74) 
Humidity (%) 70.97 (±8.96) 
Wind Speed (m s-1) 2.04 (±0.74) 
 
Table 1.  Mean daily meteorological values for calendar year 2006. 
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Figure 2a.  Mean monthly temperature and precipitation for Bartow, FL from 
1892-2006. 
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Figure 2b.  Mean monthly temperature and precipitation for Bartow, FL for 2006. 
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Figure 2c.  Mean monthly temperature and precipitation for the CSA for 2006. 
 
12 
 13 
 
METHODS 
 
Instrumentation and Measurement 
 
Instrumentation included a meteorological station on which precipitation, solar 
radiation, temperature, relative humidity, and wind speed and direction were measured; a 
net radiometer with which net radiation was measured; and soil heat flux plates and 
thermocouples with which soil heat flux density was computed (Table 2).  Data was 
collected hourly and summarized daily from October 2005-April 2007.  Missing data was 
replaced by using least-squares regression with data from the study site as the dependent 
variables and data from the Florida Automated Weather Network Station located ~55 km 
away in Balm, Florida as independent variables.  
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Parameter Symbol Campbell Scientific Instrument 
Net Radiation Rn Kipp & Zonen Net Radiometer (NR-LITE-L11) 
Soil Heat Flux Density G REBS Soil Heat Flux Plates (HFT3-L50) & 
  Type E Thermocouples (TCAV-L) 
Solar Radiation Rs Apogee PYR-P Pyranometer (CS300-L11) 
Wind Speed U Met One Anemometer (014A-L11) 
Relative Humidity RH Vaisala Temperature/RH Probe (HMP45C-L11) 
Temperature T Vaisala Temperature/RH Probe (HMP45C-L11) 
Precipitation  Texas Electronics 6” Rain Gauge (TE525-L) 
 
Table 2.  Meteorological parameters with the associated symbol and 
instrumentation. 
 
  
ETo Equations 
 
ETo was computed on daily time steps using five equations: the ASCE-PM 
equation (Allen et al., 2005), the Priestly-Taylor equation (Priestly and Taylor, 1972), the 
Radiation/Tmax equation (Abtew, 1996), the Simple equation (Abtew, 1996), and the 
Hargreaves equation (Hargreaves, 1975; Hargreaves and Samani, 1985).  
ETo from the ASCE-PM equation was computed with five different amounts of 
measured and computed data, ranging from all data measured to only temperature 
measured (Allen et al., 2005).  The ASCE-PM equation is  
)34.01(
)(
273
900)(408.0
2
2
U
eeU
T
GR
ET
asn
o ++Δ
−++−Δ= γ
γ
 
where is the slope vapor pressure curve (kPa Δ oC-1),  is net radiation (MJ mnR -2 day-1), 
 is soil heat flux density (MJ mG -2 day-1), γ  is the psychrometric constant (kPa oC-1), T  
is mean daily temperature (oC),  is the wind speed at 2 m height (m s2U -1),  is mean 
saturation vapor pressure (kPa), and  is actual vapor pressure (kPa). 
se
ae
ETo from the Priestly-Taylor equation will be calculated using two different 
amounts of measured and computed data. It will be calculated from measured , G , 
and T  and also calculated from solar radiation (estimating ) and T . The Priestly-
Taylor equation is 
nR
nR
)(26.1 GRET no −+Δ
Δ= γ  
where all terms are as previously defined. 
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 ETo from the Radiation/Tmax equation was computed with all data measured 
(Abtew 1996).  The Radiation/Tmax equation is 
λ
max
56
1 TRET so =  
where  is solar radiation (MJ msR -2 day-1),  is maximum daily temperature (maxT oC), and 
λ  is the latent heat of vaporization of water (2.45 MJ kg-1). 
ETo from the Simple equation was computed with all data measured (Abtew 
1996).  The Simple equation is 
λ
s
o
RET 52.0=  
where all terms are as previously defined. 
ETo from the Hargreaves equation was computed with all data measured 
(Hargreaves, 1975; Hargreaves and Samani, 1985).  The Hargreaves equation is 
5.0
minmax
minmax ))(8.17
2
(0023.0 TTTTRET ao −++=  
where  is extraterrestrial radiation (MJ maR -2 day-1), minT  is minimum daily temperature 
(oC), and all other terms are as previously defined.   is only a function of latitude. aR
 
ET Analysis 
 
Daily averages by month were tabulated against the Full ASCE-PM to depict 
seasonality error for all ETo equations for 2006.  The monthly averages were then 
compared to the Full ASCE-PM and a percent difference from the Full ASCE-PM was 
calculated.  A linear regression curve was applied to each of the reduced sets and 
compared to the Full ASCE-PM on daily, monthly, and annually time steps.  The 
16 
 Standard Error of Estimate (SEE), which is the standard deviation of the expected value 
of the regression curve, was also used to compare the reduced sets to the Full ASCE-PM. 
Effectiveness was calculated as a mean daily or monthly difference by subtracting 
the ETo equation to be evaluated by the Full ASCE-PM.  Effectiveness for each day or 
month was then averaged over the entire year. 
total
n
nn
n
X
YX
essEffectiven
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||[
 
where  is the Full ASCE-PM ETnX o for day or month ,  is the evaluated ETn nY o 
equation for day or month , and  is the total number of days (365 days) or months 
(12 months). 
n totaln
 Costs were quoted by Campbell Scientific for March 2007.  Instrumentation, 
including all mounting and protection hardware, for the Full ASCE-PM costs ~$6,850.  
This price is used as the benchmark for all subsequent equipment costs and analyses.  
Labor costs were assumed to be the same for each approach as they all require similar 
installation and maintenance.  The cost/effectiveness ratio was computed as 
PMFASCEAlt
PMFASCEAlt
essEffectivenessEffectiven
CostCostessEffectivenCost
−
−
−
−=/  
where the subscript “Alt” refers to the alternative ETo value and the subscript “FASCE-
PM” refers to the Full ASCE-PM ETo value. 
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RESULTS 
 
ETo by the Full ASCE-PM Equation 
 
Mean (±standard deviation) daily ETo for calendar year 2006 was 4.10 mm (±1.12 
mm).  Total annual ETo for calendar year 2006 was 1496 mm, which was 169% of total 
annual precipitation for calendar year 2006 and 109% of the mean annual precipitation at 
Bartow for calendar years 1892-2006 (Figures 2a-c).  ETo was strongly seasonal (Figure 
3).  ETo was lowest in December, when mean (±standard deviation) daily ETo was 2.58 
mm (0.90 mm), and highest in April, when mean (±standard deviation) daily ETo was 
5.48 mm (0.47 mm). 
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Figure 3.  Daily ETo values for 2006 calculated from the Full ASCE-PM.  
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Comparisons on Daily Time Steps 
 
Least-squares regressions with the alternative equations as the dependent 
variables and the Full ASCE-PM equation as the independent variable indicate that some 
of the alternative equations are better than others at providing accurate estimates of daily 
ETo (Figure 4a-i).  Slopes ranged from 0.86 to 1.17, R2 ranged from 0.61 to 0.96, and 
SEE ranged from 0.22 to 0.70 mm/d.  The most accurate alternative equations were the 
ASCE-PM (Rs, U, RH, T) and the Simple equations.  Both had slopes of 1.00, and the 
ASCE P-M (Rs, U, RH, T) equation had the highest R2 and lowest SEE (0.96 and 0.22 
mm/d, respectively), while the Simple equation had the second-highest R2 and second-
lowest SEE (0.87 and 0.40 mm/d, respectively).  The least accurate alternative equation 
was the Hargreaves equation, with a slope of 0.86 and the lowest R2 and the highest SEE 
(0.61 and 0.70 mm/d, respectively). 
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Figure 4a.  Daily least-squares regression of ETo from the Full ASCE-PM for 
2006 calculated by the ASCE-PM (Rn, G, T). 
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Figure 4b.  Daily least-squares regression of ETo from the Full ASCE-PM for 
2006 calculated by the ASCE-PM (Rs, U, RH, T). 
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Figure 4c.  Daily least-squares regression of ETo from the Full ASCE-PM for 
2006 calculated by the ASCE-PM (Rs, T). 
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Figure 4d.  Daily least-squares regression of ETo from the Full ASCE-PM for 
2006 calculated by the ASCE-PM (T). 
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Figure 4e.  Daily least-squares regression of ETo from the Full ASCE-PM for 
2006 calculated by the Priestly-Taylor (Rn, G, T). 
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Figure 4f.  Daily least-squares regression of ETo from the Full ASCE-PM for 
2006 calculated by the Priestly-Taylor (Rs, T). 
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Figure 4g.  Daily least-squares regression of ETo from the Full ASCE-PM for 
2006 calculated by the Radiation/Tmax. 
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Figure 4h.  Daily least-squares regression of ETo from the Full ASCE-PM for 
2006 calculated by the Simple. 
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Figure 4i.  Daily least-squares regression of ETo from the Full ASCE-PM for 
2006 calculated by the Hargreaves. 
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Comparisons on Monthly Time Steps 
 
Least-squares regressions with the alternative equations as the dependent 
variables and the Full ASCE-PM equation as the independent variable indicate that some 
of the alternative equations are better than others at providing accurate estimates of 
monthly ETo (Figure 5a-i).  Slopes ranged from 1.00 to 1.31, R2 ranged from 0.84 to 
0.98, and SEE ranged from 4.19 to 11.80 mm/month.  The most accurate alternative 
equations were the ASCE-PM (Rs, U, RH, T) and the Simple equations.  Both had slopes 
of 1.00 and R2 of 0.98, and the ASCE-PM (Rs, U, RH, T) equation had the lowest SEE 
(4.19 mm/month), while the Simple equation had the second -lowest SEE (4.52 
mm/month).  The least accurate alternative equation was the Hargreaves equation, with a 
slope of 1.23 and the lowest R2 and the highest SEE (0.84 and 11.80 mm/d, respectively). 
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Figure 5a.  Monthly least-squares regression of ETo  from the Full ASCE-PM for 
2006 calculated by the ASCE-PM (Rn, G, T). 
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Figure 5b.  Monthly least-squares regression of ETo  from the Full ASCE-PM for 
2006 calculated by the ASCE-PM (Rs, U, RH, T). 
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Figure 5c.  Monthly least-squares regression of ETo  from the Full ASCE-PM for 
2006 calculated by the ASCE-PM (Rs, T). 
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Figure 5d.  Monthly least-squares regression of ETo  from the Full ASCE-PM for 
2006 calculated by the ASCE-PM (T). 
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Figure 5e.  Monthly least-squares regression of ETo  from the Full ASCE-PM for 
2006 calculated by the Priestly-Taylor (Rn, G, T). 
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Figure 5f.  Monthly least-squares regression of ETo  from the Full ASCE-PM for 
2006 calculated by the Priestly-Taylor (Rs, T). 
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Figure 5g.  Monthly least-squares regression of ETo  from the Full ASCE-PM for 
2006 calculated by the Radiation/Tmax. 
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Figure 5h.  Monthly least-squares regression of ETo  from the Full ASCE-PM for 
2006 calculated by the Simple. 
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Figure 5i.  Monthly least-squares regression of ETo  from the Full ASCE-PM for 
2006 calculated by the Hargreaves. 
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 Comparisons on an Annual Time Step 
 
Comparisons indicate that some of the alternative equations are better than others 
at providing accurate estimates of annual ETo (Figure 6).  Four alternative equations 
provided annual ETo estimates that were within 5% of the annual ETo estimate provided 
by the Full ASCE-PM.  The most accurate was the ASCE-PM (Rn, G, T), with an annual 
ETo estimate of +1.3% of the annual ETo estimate provided by the Full ASCE-PM.  The 
next most accurate were the ASCE-PM (Rs, T), Hargreaves, and ASCE-PM (Rs, U, RH, 
T), with annual ETo estimates of -1.7%, -2.3%, and -4.3% of the annual ETo estimate 
provided by the Full ASCE-PM, respectively.  The least accurate were the ASCE-PM (T) 
and the Priestly-Taylor (Rs, T), with annual ETo estimates of +14.2% and -14.2% of the 
annual ETo estimate provided by the Full ASCE-PM, respectively. 
 
  
Figure 6.  Annual comparison of the various ETo equations from the Full ASCE-
PM for 2006. 
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Seasonality 
 
Comparisons of monthly ETo indicate that some of the alternative equations show 
little or no seasonal deviation from the Full ASCE-PM, while other alternative equations 
show marked seasonal deviation from the Full ASCE-PM (Figure 7a-i).  Monthly ETo 
from the ASCE-PM (Rn, G, T), ASCE-PM (Rs, U, RH, T), and ASCE-PM (Rs, T) 
equations were always <10% different than monthly ETo from the Full ASCE-PM.  
Similarly, monthly ETo from the Simple equation were typically <10% and always <20% 
different than monthly ETo from the Full ASCE-PM.  Monthly ETo from the other 
alternative equations were typically >20% different than ETo from the Full ASCE-PM.  
In these cases, seasonal deviations had a recurring trend, with higher relative values 
during the summer months and lower relative values during the winter months. 
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Figure 7a.  Monthly seasonality of ETo from the Full ASCE-PM for 2006 
calculated by the ASCE-PM (Rn, G, T). 
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Figure 7b.  Monthly seasonality of ETo from the Full ASCE-PM for 2006 
calculated by the ASCE-PM (Rs, U, RH, T). 
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Figure 7c.  Monthly seasonality of ETo from the Full ASCE-PM for 2006 
calculated by the ASCE-PM (Rs, T). 
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Figure 7d.  Monthly seasonality of ETo from the Full ASCE-PM for 2006 
calculated by the ASCE-PM (T). 
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Figure 7e.  Monthly seasonality of ETo from the Full ASCE-PM for 2006 
calculated by the Priestly-Taylor (Rn, G, T). 
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Figure 7f.  Monthly seasonality of ETo from the Full ASCE-PM for 2006 
calculated by the Priestly-Taylor (Rs, T). 
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Figure 7g.  Monthly seasonality of ETo from the Full ASCE-PM for 2006 
calculated by the Radiation/Tmax. 
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Figure 7h.  Monthly seasonality of ETo from the Full ASCE-PM for 2006 
calculated by the Simple. 
 50
 Hargreaves
-50
-40
-30
-20
-10
0
10
20
30
40
50
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
%
 d
iff
er
en
ce
 fr
om
Fu
ll 
A
S
C
E
-P
M
 
Figure 7i.  Monthly seasonality of ETo from the Full ASCE-PM for 2006 
calculated by the Hargreaves. 
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Cost/Effectiveness Analysis on Daily Time Steps 
 
Three alternative equations were more cost/effective when ETo was computed on 
daily time steps (Table 3; Figure 8a).  The most cost/effective alternative equations were 
the ASCE-PM (Rs, U, RH, T), ASCE-PM (Rs, T), and Simple equations with 
cost/effectiveness values of 11.84, 7.34, and 6.47, respectively.  The remaining 
alternative equations had cost/effectiveness values of ≤4.23.  The least cost/effective 
alternative equation was the Priestly-Taylor (Rn, G, T) equation with a cost/effectiveness 
value of 1.02. 
 
Cost/Effectiveness Analysis on Monthly Time Steps 
 
Three alternative equations were more cost/effective when ETo was computed on 
monthly time steps (Table 3; Figure 8b).  The most cost/effective alternative equations 
were the ASCE-PM (Rs, T), Simple, and ASCE-PM (Rs, U, RH, T) equations with 
cost/effectiveness values of 11.72, 11.08, and 8.57, respectively.  The remaining 
alternative equations had cost/effectiveness values of ≤5.97.  The least cost/effective 
alternative equation was the Priestly-Taylor (Rn, G, T) equation with a cost/effectiveness 
value of 1.43. 
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Cost/Effectiveness Analysis on an Annual Time Step 
 
Three alternative equations were more cost/effective when ETo was computed on 
an annual time step (Table 3; Figure 8c).  The most cost/effective alternative equations 
were the ASCE-PM (Rs, T), Hargreaves, and ASCE-PM (Rn, G, T) equations with 
cost/effectiveness values of 43.32, 33.78, 15.02, respectively.  The remaining alternative 
equations had cost/effectiveness values of ≤11.72.  The least cost/effective alternative 
equation was the Priestly-Taylor (Rn, G, T) equation with a cost/effectiveness value of 
1.97. 
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Equation Parameters Cost 
Cost 
Ratio 
Daily 
Effectiveness 
Monthly 
Effectiveness 
Annual 
Effectiveness 
Daily 
Cost/Effectiveness 
Monthly 
Cost/Effectiveness 
Annual 
Cost/Effectiveness 
ASCE-PM Rn, G, U, RH, T 6870 1.00 1.000 1.000 1.000 N/A N/A N/A 
ASCE-PM  Rn, G, T 5567 0.81 0.905 0.965 0.987 2.00 5.42 15.02 
ASCE-PM  Rs, U, RH, T 3867 0.56 0.941 0.949 0.958 11.84 8.57 10.30 
ASCE-PM  Rs, T 2038 0.30 0.897 0.940 0.984 7.34 11.72 43.32 
ASCE-PM  T 1657 0.24 0.773 0.868 0.858 3.22 5.75 5.33 
Priestly-Taylor Rn, G, T 5567 0.81 0.853 0.867 0.904 2.96 1.43 1.97 
Priestly-Taylor Rs, T 2038 0.30 0.813 0.821 0.858 1.02 3.93 4.96 
Radiation/Tmax Rs, T 2038 0.30 0.833 0.858 0.901 4.21 4.95 7.08 
Simple Rs 1848 0.27 0.891 0.934 0.938 6.47 11.08 11.72 
Hargreaves T 1657 0.24 0.820 0.873 0.978 4.23 5.97 33.78 
 
Table 3.  Cost/effectiveness analysis for calendar year 2006. 
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Figure 8a.  Cost/effectiveness plot of all of the ETo equations with the optimum 
cost/effectiveness line at a daily time step. 
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Figure 8b.  Cost/effectiveness plot of all of the ETo equations with the optimum 
cost/effectiveness line at a monthly time step. 
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Figure 8c.  Cost/effectiveness plot of all of the ETo equations with the optimum 
cost/effectiveness line at a yearly time step. 
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DISCUSSION 
 
Accuracy 
 
There are numerous equations commonly used to provide operational estimates of 
ETo.  However, these equations vary in their accuracy in peninsular Florida (Jacobs and 
Satti, 2001) and across the 48 conterminous states (Jensen et al., 1990).  On daily and 
monthly time steps, the ASCE-PM (Rs, U, RH, T) and the Simple equations were most 
accurate.  Others were less accurate, with the Hargreaves equation being the least 
accurate.  On an annual time step, the ASCE-PM (Rn, G, T), ASCE-PM (Rs, T), 
Hargreaves, and ASCE-PM (Rs, U, RH, T) were most accurate.  Others were less 
accurate, with the ASCE-PM (T) and the Priestly-Taylor (Rs, T) equations being the least 
accurate. 
One source of error may be that many equations commonly used to provide 
operational estimates of ETo were originally calibrated to provide PET from a particular 
reference crop rather than ETo from the standard reference crop.  However, many of the 
particular reference crops had characteristics similar to the standard reference crop, i.e., 
they were short, uniform grasses.  Therefore, many equations originally calibrated to 
compute PET from a particular reference crop (e.g., Hargreaves and Samani, 1982) have 
more recently been used to compute ETo from the standard reference crop (e.g., 
Hargreaves and Samani, 1985). 
The less-accurate alternative equations tended to show a seasonal deviation from 
the Full ASCE-PM, with higher relative values during the summer months and lower 
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relative values during the winter months.  In peninsular Florida, summer temperatures are 
high, but days are cloudy and humid, while winter temperatures are moderate, but days 
are sunny and subhumid.  Therefore, alternative equations that use T without satisfactory 
energy and/or mass-transfer terms may tend to overestimate ETo in the summer and 
underestimate ETo in the winter.  This kind of seasonal deviation was evident in the 
alternative equations that only require T  or Rs and T.  Conversely, this kind of seasonal 
deviation was not evident in the Simple equation, which requires only Rs. 
 
Cost/Effectiveness 
 
On daily and monthly time steps, the ASCE-PM (Rs, T), Simple, and ASCE-PM 
(Rs, U, RH, T) equations were most cost/effective.  Others were less cost/effective, with 
the Priestly-Taylor (Rn, G, T) equation being the least cost/effective.  On an annual time 
step, the ASCE-PM (Rs, T), Hargreaves, and ASCE-PM (Rn, G, T) equations were the 
most cost/effective.  Others were less cost/effective, with the Priestly-Taylor (Rn, G, T) 
equation again being the least cost/effective. 
ET is dominated by energy rather than mass transfer (Priestly and Taylor, 1972).  
Furthermore, Rn (Fritschen, 1967; Allen et al., 2005) and G (Allen et al., 2005) can be 
accurately estimated from Rs.  With Rn and G being the most-expensive terms to measure 
(~$3,000), the ability of Rs to closely-approximate these terms at a lower cost (~$300) 
makes alternative equations in which Rn and G are computed from Rs substantially more 
cost/effective.  Furthermore, net radiometers require yearly calibration and other 
maintenance due to common errors that have a range of 10% from calibrated and 
measured values (Llasat and Snyder 1998).  Therefore, the most cost/effective alternative 
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equations tend to be those in which mass-transfer terms are omitted and Rn and G are 
computed from less-expensive Rs data.  Perhaps the best example is the Simple equation, 
which only require a coefficient and Rs and which was generally an accurate and 
cost/effective alternative equation.  However, this study was conducted in peninsular 
Florida where winds are moderate and humidities are high.  Mass-transfer terms may be 
more important in other environments where winds are high and/or humidities are low.  
This fact is implicit in the two common forms of the Priestly-Taylor equation, in which 
the coefficient that replaces the mass-transfer terms is lower for humidities <40%  and 
higher for humidities >40% (Priestly and Taylor, 1972). 
This cost/effectiveness analysis does not include the ways that the end users value 
accuracy.  In some cases, the need for greater accuracy may justify the use of a more-
accurate equation regardless of the cost/effectiveness of the equation.  In other cases, the 
lack of funding may justify the use of a less-accurate equation regardless of the 
cost/effectiveness of the equation.  In all cases, however, the cost/effectiveness figures 
can help end users make informed decisions regarding which equations will provide the 
best accuracy given the available funding (Figure 8). 
To some extent, the cost and effectiveness values in this study are characteristic to 
the models and/or vendors selected.  Alternative equipment sets could be purchased and 
installed at lower or higher costs.  Similarly, alternative equipment sets could be more or 
less accurate.  However, a subset of alternative equations were relatively clearly and 
consistently more accurate and cost/effective across daily, monthly, and annual time 
steps.  Therefore, though the details of the cost/effectiveness analysis might differ, the 
trends of the cost/effectiveness analysis would be unlikely to change if different models 
and/or vendors were selected.  
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Obtaining ET from ETo
 
The ETo values computed in this study are comparable to ETo values computed 
for a variety of land covers in peninsular Florida (Jacobs and Satti, 2001; Sumner and 
Jacobs, 2005) and to actual evaporation computed for lakes and estuaries in peninsular 
Florida (Sacks et al., 1994; Lee and Swancar, 1997; Swancar et al., 2000; Sumner and 
Belaineh, 2005).  Actual evapotranspiration (ET) can be computed by multiplying ETo by 
a crop coefficient (Kc).  Kc are available, though most are for agricultural land covers and 
vary only on seasonal time scales (e.g., Doorenbos and Pruitt, 1977; Allen et al., 2005).  
Kc can be computed using concurrently-collected lysimeter or eddy-flux data and 
meteorological data.  In this case, Kc can be computed by dividing actual ET computed 
from the lysimeter or eddy -flux data by ETo computed using the data from the 
meteorological station.  If done on a daily or monthly time step, then a curve can be fit to 
the Kc vs. annual water year day data and used to compute a generic daily-or monthly-
varying Kc for use in similar environments.  Doing this on a daily time step, using data 
from a nearby study (D. Sumner, unpublished data), gives an annual actual ET of 1073 
mm/year, which is comparable to the actual ET computed for a variety of land covers in 
peninsular Florida (Bidlake et al., 1996).   
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CONCLUSION 
 
There are numerous equations commonly used to provide operational estimates of 
ETo.  The ASCE-PM equation is becoming the standard in the U.S. (Allen et al., 2005).  
The tendency may be to believe that the most accurate and cost/effective alternative 
equations are those that are the most complex.  This is not the case.  Rather, the most 
accurate and cost/effective alternative equations tend to be those in which mass-transfer 
terms are omitted and Rn and G are computed from less-expensive Rs data.  Perhaps the 
best example is the Simple equation, which only require a coefficient and Rs and which 
was generally an accurate and cost/effective alternative equation, particularly on daily 
and monthly time steps. 
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